Acid-sensing ion channels (ASICs) are widely expressed protongated Na + channels playing a role in tissue acidosis and pain. A trimeric composition of ASICs has been suggested by crystallization. Upon coexpression of ASIC1a and ASIC2a in Xenopus oocytes, we observed the formation of heteromers and their coexistence with homomers by electrophysiology, but could not determine whether heteromeric complexes have a fixed subunit stoichiometry or whether certain stoichiometries are preferred over others. We therefore imaged ASICs labeled with green and red fluorescent proteins on a single-molecule level, counted bleaching steps from GFP and colocalized them with red tandem tetrameric mCherry for many individual complexes. Combinatorial analysis suggests a model of random mixing of ASIC1a and ASIC2a subunits to yield both 2:1 and 1:2 ASIC1a:ASIC2a heteromers together with ASIC1a and ASIC2a homomers.
Acid-sensing ion channels (ASICs) are widely expressed protongated Na + channels playing a role in tissue acidosis and pain. A trimeric composition of ASICs has been suggested by crystallization. Upon coexpression of ASIC1a and ASIC2a in Xenopus oocytes, we observed the formation of heteromers and their coexistence with homomers by electrophysiology, but could not determine whether heteromeric complexes have a fixed subunit stoichiometry or whether certain stoichiometries are preferred over others. We therefore imaged ASICs labeled with green and red fluorescent proteins on a single-molecule level, counted bleaching steps from GFP and colocalized them with red tandem tetrameric mCherry for many individual complexes. Combinatorial analysis suggests a model of random mixing of ASIC1a and ASIC2a subunits to yield both 2:1 and 1:2 ASIC1a:ASIC2a heteromers together with ASIC1a and ASIC2a homomers.
single-molecule imaging | subunit counting | BLINaC | ENaC A cid-sensing ion channels (ASICs) are proton-gated Na + channels, which are probably ubiquitously expressed in neurons, yet surprisingly little is known about their physiological function in the brain (1) . It is believed that ASICs localize to the postsynapse and carry an excitatory postsynaptic current (2) . ASICs in central neurons are mainly composed of homomeric ASIC1a and heteromeric ASIC1a/2a (3) (4) (5) (6) and ASIC1a/2b (7) . Genetic ablation of ASIC1a has indeed led to the conclusion that ASICs contribute to long-term potentiation and memory formation (2) , but a more recent study challenged these findings (8) . In contrast to our incomplete understanding of the physiological functions of ASICs, there is a comparatively large body of evidence that activation of ASIC1a-containing channels in pathophysiological states that are associated with sustained acidosis contributes to neuronal or axonal degeneration (9, 10) . In addition, blockade of the ASIC1a/2a heteromer causes central analgesia (11) . Together, these findings render ASIC1a-containing channels attractive drug target candidates.
The crystal structure of chicken ASIC1 revealed an acidic pocket at subunit interfaces, which has been proposed to be the ligandbinding site of ASICs (12) . In agreement, it has recently been shown that a gating modifier toxin of ASIC1, psalmotoxin 1, which behaves like an agonist (13) , binds at the acidic pocket at subunit interfaces (14) (15) (16) . Therefore, knowing the subunit composition of the ASIC1a/2a heteromer is of major interest, in particular for pharmacologically targeting this subtype.
Fluorescence resonance energy transfer analysis suggested that the ASIC1a/2a heteromer contains at least two ASIC1a and two ASIC2a subunits (17) . In agreement, several studies reported that the related epithelial Na + channel (ENaC) is composed of four (18) (19) (20) (21) or nine subunits (22) (23) (24) . In strong contrast, however, the crystal structure of chicken ASIC1 revealed a number of three subunits (12, 25) , suggesting that all ASICs and their relatives like ENaC are trimers. The trimeric structure of ASIC1a has in the meanwhile been confirmed by atomic force microscopy imaging (26) . The stoichiometry of heteromeric ASICs, however, remains completely unknown.
In this study, we first used electrophysiology to characterize mixtures of ASIC1a and ASIC2a at different expression ratios in Xenopus laevis oocytes to demonstrate that at least one heteromeric channel forms. Because we were unable to decide on the existence of a second heteromeric species by electrophysiology, we used a single-molecule photobleaching approach that resolves stoichiometries of membrane proteins with high accuracy. We tagged ASIC1a and ASIC2a with green and red fluorescent reporter proteins, which did not change the electrophysiological characteristics of homo-and heteromeric ASICs, suggesting that fusion of a fluorescent reporter has no impact on the molecular composition of ASICs. Colocalization of red and green reporter tags on a single-molecule level and counting of green bleaching steps confirms the trimeric nature of functional ASICs and shows that ASIC1a and ASIC2a randomly assemble into a complex with a flexible stoichiometry of either 1:2 or 2:1.
Results

Increasing Levels of ASIC2a Progressively Shift the Apparent Proton
Affinities of Heteromeric ASIC1a/2a. Using a two-electrode voltage clamp in Xenopus oocytes, we characterized the electrophysiological properties of homomeric ASIC1a and homomeric ASIC2a. Transient H + -gated inward currents carried by ASIC1a completely desensitized at pH 5.7, had a high H + affinity with saturating current amplitudes at pH ≤ 6.0 and half-maximal activation (pH 50 ) at pH 6.5 ± 0.1, and a steep concentration-response curve with a Hill coefficient of 3.7, properties typical for ASIC1a (Fig. 1A, Fig. S1A , and Table S1 ). H + -gated inward currents from ASIC2a had clearly different typical properties: incomplete desensitization after 10 s, a
Significance
Our work concerns the stoichiometry of acid-sensing ion channels (ASICs), proton-gated Na + channels. In the central nervous system ASICs are composed of either only ASIC1a subunits or ASIC1a and ASIC2a subunits. Blockade of the ASIC1a/2a heteromer causes strong analgesia. Because ligands and drugs bind at subunit interfaces of ASICs, knowing the exact stoichiometry of heteromeric ASICs is pivotal for an informed drug design. We used a single-molecule method where we image individual ion channels that we fused to fluorescent proteins to clearly demonstrate that ASICs assemble into trimers and that coexpression of ASIC1a and ASIC2a leads to a mix of ASIC1a and ASIC2a homomers and ASIC1a:ASIC2a heteromers. Heteromers assemble randomly in both 1:2 and 2:1 compositions. low H + affinity with currents appearing only at pH ≤ 5.5, a pH 50 of ∼3.9, and a Hill coefficient of 1.0 (Fig. 1A, Fig. S1A , and Table S1 ).
Coexpression of ASIC1a and ASIC2a yielded channels with a continuum of apparent proton affinities, depending on the ratio of the two cRNAs injected. We fitted the apparent H + affinity (pH 50 ) with a single Hill function (Fig. 1B and Table S1 ). ASICs at a cRNA ratio of 1:1 had a pH 50 of 5.6 ± 0.1 (n = 7). Increasing the amount of ASIC2a cRNA relative to ASIC1a cRNA (ratio 5:1) slightly shifted pH 50 to 5.2 ± 0.1 (n = 6, P = 0.02), and further increasing the amount of ASIC2a cRNA (ratio 15:1) shifted pH 50 to 5.1 ± 0.0 (n = 7, P < 0.01). These pH 50 values are in-between the pH 50 of the homomeric ASICs and characteristic for heteromeric ASIC1a/2a (27) . Only at a cRNA ratio of 25:1 did pH 50 become ∼3, closely resembling homomeric ASIC2a. Moreover, at the 25:1 ratio, channels did not completely desensitize within 10 s at any pH tested and current amplitude strongly increased at pH < 4.5 ( Fig. S1B) , suggesting that homomeric ASIC2a was the main ASIC population.
To test whether the concentration-response curves could originate without the contribution of heteromeric channels, we fitted them with a linear combination of the response curves for homomeric ASIC1a and ASIC2a that we measured initially (Fig. S2) . Only for the 25:1 cRNA injection ratio, the measured currents could be reasonably well fitted, but for the 1:1, 1:5, and 1:15 injection ratios, the fits strongly deviated from the experiment, suggesting the additional existence of heteromeric ASICs that coexist with the homomeric channels within the same cell.
Electrophysiology Cannot Discriminate Between Assembly Scenarios.
Assuming all ASICs are trimers, two different heteromer compositions are possible, in principle, if ASIC1a and ASIC2a are coexpressed: first, a 2:1 heteromer with two ASIC1a subunits and one ASIC2a subunit; and second, a 1:2 heteromer with one ASIC1a and two ASIC2a. To answer whether we can distinguish between scenarios with a single heteromer or both heteromers, coexisting with homomeric ASICs, we fitted the measured currents to models containing either three or four Hill curves: two with the previously determined ASIC1a and ASIC2a properties, and one or two with free fit parameters that would represent the populations of one or two heteromers, respectively.
The fit of a model with two homomers and one heteromer yielded a H + affinity of the heteromer of 5.4 and Hill coefficient of 1.9 (Fig. 1C, dashed line) . The calculated relative abundances of the ASIC1a homomer, the heteromer, and the ASIC2a homomer shifted from 18%/82%/0% for the 1:1 injection ratio to 0%/19%/81% (25:1) with intermediates of 1%/58%/41% (5:1) and 0%/37%/63% (15:1) ( Fig. 1D and Table S2 ).
The fit with four different channel compositions (two homomers, two heteromers) yielded H + affinities of the heteromers of 5.6 and 4.9 and Hill coefficients of 4 and 2.5 ( Fig. 1C, solid line) . The relative abundances of the ASIC1a homomer, heteromer 1, heteromer 2, and the ASIC2a homomer were 18%/60%/23%/0% (1:1), 4%/41%/44%/11% (5:1), 0%/27%/40%/34% (15:1) and 0%/14%/4%/83% (25:1), but many of the values displayed large SEs ( Fig. 1D and Table S2 ).
Not surprisingly the best fit was obtained in the scenario with two heteromer populations, where we used the largest number of free fit parameters. However, the deviations of the curves from the observed currents were not much bigger in the single heteromer scenario or even in the empirical fit with a single Hill function (Fig. 1B) . Also the large errors of the relative abundances in the second scenario suggested that the problem of deciding between the two scenarios and finding the relative abundances of homomers and heteromers by electrophysiology is not well posed. We therefore used single-molecule imaging of fluorescently labeled intact ASIC complexes, where the composition of the channels can be directly observed.
Fluorescent Protein Tags Do Not Change the Electrophysiological
Properties of ASICs. For single-molecule imaging of the channels, we genetically fused GFP to the cytoplasmic N terminus of ASIC1a and ASIC2a, and assessed a possible impact on channel function by electrophysiological characterization of the fusion proteins. Homomeric ASICs composed of either GFP-ASIC1a or GFP-ASIC2a had properties similar to the parental channels, with complete desensitization and a high H + affinity for GFPASIC1a, and incomplete desensitization and a low H + affinity for GFP-ASIC2a (Fig. 1A, Fig. S1 , and Table S1 ). The cRNAs coding for the GFP fusion proteins had to be injected in fivefold higher concentrations to generate currents of amplitudes comparable to the parental channels. To obtain a bright red fluorescent Table S1 .
tag, we fused four copies of mCherry [tandem tetrameric mCherry (ttCherry)] to ASIC1a and ASIC2a. Similar to the fusions of GFP to ASICs, ttCherry-ASIC1a and ttCherryASIC2a had electrophysiological properties that were similar to those of ASIC1a and ASIC2a, respectively (Fig. 1A, Fig. S1 , and Table S1 ). Compared with GFP fusions, however, cRNAs for ttCherry fusions had to be injected in even higher amounts (16 ng per oocyte). We then tested whether the electrophysiological properties of heteromeric channels were changed by the fusion tags. We did not systematically compare different ratios of the two cRNAs, but focused on finding a condition which produced a predominantly heteromeric population of ASICs, as for the 5:1 injection ratio of untagged ASICs. Heteromeric ASICs containing one subunit with a GFP fusion, or one with a GFP and the other with a ttCherry fusion, had the same electrophysiological properties as ASICs without GFP (Fig. S3 and Table S3 ).
Our results suggest that the fusion of GFP or ttCherry to ASIC1a or ASIC2a slowed down their synthesis or transport to the plasma membrane, but did not alter the electrophysiological properties of the channels significantly. Thus, fusion to fluorescent proteins should not affect subunit stoichiometry of ASICs.
Single-Molecule Subunit Counting of Fluorescently Tagged ASICs. In contrast to ensemble-averaging approaches like whole-cell electrophysiology, single-molecule experiments intrinsically resolve distinct subpopulations. Recently we had developed a fluorescence-based single-molecule technique in which we image fluorescent protein-labeled subunits of a membrane protein at very low density at the surface of a living cell, such that individual complexes can be resolved to measure their subunit content and stoichiometry (28) . Here we used the method to assess coassembly of red-and green-labeled ASIC1a and ASIC2a and count the number of green-labeled subunits in individual ion channels.
We injected the cRNA of the respective channel subunits into X. laevis oocytes, and 18-24h later recorded movies of small membrane areas in a total internal reflection microscopy configuration. The high power of the illuminating lasers bleached the fluorescent tags within a few seconds, enabling us to count the bleaching steps of GFP tags due to their strong and even emission of fluorescent light. Despite its brightness, mCherry bleaches much faster than GFP, which prevented accurate counting of bleaching steps. The ttCherry tag minimizes the chance of missing the emission from the red tag (28, 29) .
ASIC1a and ASIC2a Assemble into Homotrimers. Before investigating heteromeric assemblies, we counted the subunits of ASIC1a and ASIC2a homomers. Expression of GFP-ASIC1a or GFP-ASIC2a in Xenopus oocytes was adjusted to a membrane density of ≤400 spots in a 25 × 25-μm area, which allowed clear separation of individual molecules (Fig. 2A) .
In six movies from GFP-ASIC1a expressing cells we identified 1,060 fluorescent spots. Sixty-two percent were immobile and bleached predominantly in two or three steps, and some in a single step. Spots with four bleaching steps were observed only rarely, and none with five or more (Fig. 2B) . The appearance of discrete bleaching steps indicated that each spot represented a single channel consisting of several GFP-ASIC1a subunits. Because not all GFP tags are fluorescent, the bleaching step number should follow a binomial distribution. Indeed, when we performed a least-squares fit assuming a trimeric composition of the GFP-ASIC1a channel with the probability P of GFP to be fluorescent as a free parameter, we obtained a good fit with P = 78%, virtually identical to previous results (Fig. 2C) (28) . A very similar picture emerged when counting the subunits of GFPASIC2a. Of 871 spots from three oocytes, 52% were immobile and displayed well-behaved bleaching steps, and the distribution of bleaching steps was well fitted by a binomial distribution for a trimer and P = 77% (Fig. 2D) .
Events with four bleaching steps, which should never appear for a trimeric protein, can be explained by the coincidental overlap of two spots within a diffraction-limited volume. When excluding this artifact, the confidence level that the observed distribution originates from a trimeric assembly is very close to 100% with a sample size >100 for a fluorescence probability of P > 75% (30) . Therefore, our data confirm the notion that ASIC1a and ASIC2a, when expressed alone, assemble into homotrimers (12, 25) .
Coexpression of Green-and Red-Labeled ASIC Subunits. Our aim was to decide whether ASIC1a and ASIC2a can assemble in both 1:2 and 2:1 heteromeric compositions, and to deduce the fractions of 0:3, 1:2, 2:1, and 3:0 homo-and heteromers. For this purpose we coexpressed GFP-and ttCherry-labeled ASIC1a and ASIC2a subunits, colocalized red and green fluorescence at the singlemolecule level, and counted the GFP bleaching steps.
The calculation of homo-and heteromer fractions is complicated by the fact that a sizeable fraction of green and red tags is nonfluorescent. For example, a heteromeric channel carrying tags of both colors could appear only green when the red tags are not functional, or only red when the green tags are not functional. A trimeric channel can carry functional and nonfunctional green and red fluorescent proteins in 20 different ways (Fig. 3A) . The relative occurrences of these combinations can be calculated from the fractions of homo-and heteromers and the probabilities for GFP and ttCherry to be functional (Materials and Methods). Accordingly, it is possible by least-squares fitting to reconstruct the fractions of homo-and heteromers from the observed red/ green overlap and bleaching steps (Fig. 3B) .
To test this strategy, we first used a mix of GFP-and ttCherrylabeled ASIC1a because they should assemble in a completely random fashion. After that, we proceeded to differentially tagged ASIC1a and ASIC2a.
Green-and Red-Tagged ASIC1a Subunits Assemble Randomly into
Trimers. We coexpressed GFP-ASIC1a with ttCherry-ASIC1a and titrated the amount of coinjected RNA to obtain comparable surface densities of green and red fluorescent spots. For the movie acquisitions, we first excited and imaged ttCherry for ∼2 s (sufficient to bleach the majority of red spots) and then GFP for further ∼30 s (long enough to bleach most green spots). The first five images of green and red emission were overlaid to identify colocalization of GFP-ASIC1a and ttCherry-ASIC1a (Fig. 4A) . Bleaching steps from immobile spots were counted in the green channel (Fig. 4B) .
We collected 2,692 spots from a total of 13 movies, and determined the green/red overlap and counted the bleaching steps in the green channel (Fig. 4C) . Thirty-seven percent of the spots were fluorescent only in green, 23% only in red, and 40% in both colors. Of the green-only spots, 93% had clear bleaching steps, of which 30% bleached in one, 50% in two, 20% in three steps, and no spots had four bleaching steps. Of the spots that had green and red fluorescence, 87% had clear bleaching steps in the green channel; 60% of those had one, 39% two, and 1.5% three steps (all numbers summarized in Table S4) .
To obtain estimates of homo-and heteromer fractions, we used least-squares fitting with the fractions of homo-and heteromeric assemblies with green:red content of 3:0, 2:1, 1:2, and 0:3 as free parameters (Materials and Methods). Also the probability of the red tag being fluorescent was used as free parameter, whereas the probability of GFP being fluorescent was kept at 78%, the value we had determined above and in earlier work (28) . The fit yielded fractions of 16% for GFP-ASIC1a homomers (3g:0r, where g represents green subunits and r represents red subunits), 19% for ttCherry-ASIC1a homomers (0g:3r), 43% for heteromers containing two GFP-ASIC1a and one ttCherryASIC1a (2g:1r), and 23% for heteromers containing one GFPASIC1a and two ttCherry-ASIC1a (1g:2r) (Fig. 4D) .
A model of random mixing between green-and red-labeled ASIC1a subunits, without a preference for any homo-or heteromeric combination of subunits, would imply a binomial relationship between the four assemblies with a single free parameter, namely the ratio of green to red subunits. We repeated the fit under this assumption and again obtained a good match of the fit to the counted spots (Fig. 4E) . The fit yielded fractions of 18% for 3g:0r, 41% for 2g:1r, 32% for 1g:2r, and 8% for 0g:3r channels (Fig. 4F) .
The distributions of homo-and heteromers reconstructed from the two fits were similar except for a ∼10% higher fraction of ttCherry-ASIC1a homomers on the cost of a smaller fraction of 1g:2r heteromers when the model with four independent fractions was used for fitting (Fig. 4 D and F) . The similarity confirms that by fitting colocalization and bleaching step information simultaneously while using the four fractions of 3:0, 2:1, 1:2, and 0:3 homo-and heteromers as free parameters, we could approximately reconstruct the binomial distribution of randomly mixed GFP-ASIC1a and ttCherry-ASIC1a. The small bias toward more red-only spots was likely introduced by excluding a larger fraction of GFP-containing spots due to movement. Red spots bleached much faster than green spots, making the detection of movement in the red channel less likely.
To confirm that the number of spots we counted was large enough to lead to significant results of the fits, we performed Monte Carlo simulations with different fractions for homo-and heteromers. With 2,000 simulated spots, the fit values for homoand heteromer fractions were within 2.5% of the input values (Fig. S4) . The low deviation between fit and input values suggested that evaluation of 2,000 spots would result in a significant representation of the underlying homo-and heteromer fractions.
Labeled ASIC1a and ASIC2a Assemble Randomly into Coexisting Homoand Heterotrimers. After the experimental validation that greenand red-tagged ASIC1a subunits assemble randomly to homotrimers, we wanted to determine the fractions of homo-and heteromers that form when ASIC1a and ASIC2a are being coexpressed.
We expressed GFP-ASIC1a and ttCherry-ASIC2a at comparable surface densities, and used the same imaging protocol as in Fig. 3 . Principle of assembly of red-and green-tagged subunits into homoand heteromers. (A) Recorded fluorescence from single channels is green, red, or a colocalization of green and red, depending on the channel composition and the functionality of the tags. When none of the tags is functional, channels stay dark (Left). For certain channels, the fluorescence does not reflect the composition (gray boxes). Of channels with functional GFP tags, the bleaching steps can be counted. (B) From the observed distribution of green-only, red-only, and colocalized spots and the bleaching steps, the underlying fractions of homo-and heteromeric channels can be reconstructed. the GFP-ASIC1a/ttCherry-ASIC1a coexpression experiment. First, ttCherry was imaged and bleached, and then GFP, allowing us to count the GFP bleaching steps. From the overlay of green and red emission we identified spots where GFP and ttCherry emission colocalized (Fig. S5A) . Many of the immobile spots displayed clear bleaching steps in the green channel (Fig. S5B) .
We collected 2,418 spots from 12 movies recorded from four different batches of oocytes. Thirty percent of the spots were fluorescent only in green, 21% only in red, and 50% in both colors (Fig. 5A) . Ninety two percent of the green-only spots had clear bleaching steps, and of those, 39% bleached in one, 45% in two, and 16% in three steps, and no spots with four bleaching steps were found. Of the spots that had green and red fluorescence, 85% had clear bleaching steps, and 64% of them were bleached in one, 35% in two, and 1% in three steps (Table S4) .
The least-squares fit where we kept all fractions of homo-and heteromers as free parameters yielded 9% for GFP-ASIC1a homomers (3g:0r), 13% for ttCherry-ASIC2a homomers (0g:3r), 45% for heteromers containing two GFP-ASIC1a and one ttCherry-ASIC2a (2g:1r), and 33% for heteromers containing one GFP-ASIC1a and two ttCherry-ASIC2a (1g:2r) (Fig. 5B) . The same data fitted with a model where homo-and heteromer fractions are related via a binomial distribution-implying random assembly of GFP-ASIC1a and ttCherry-ASIC2a-yielded 13% for 3g:0r homomers, 12% for 0g:3r homomers, 38% for 2g:1r heteromers, and 37% for 1g:2r heteromers (Fig. 5B) .
Next, to investigate whether exchanging the green and red tags on the ASIC1a and ASIC2a subunits would lead us to the same results, we coexpressed GFP-ASIC2a and ttCherry-ASIC1a. Again, we observed colocalization of red and green fluorescent spots with clear bleaching steps in the green channel (Fig. S5 C and D) . Of 2,264 spots from 12 movies and 2 different batches of oocytes, 28% spots showed only green, 20% only red, and 52% green and red fluorescence (Fig. 5C ). Of the green-only spots, 89% had clear bleaching steps, of which 36% were bleached in one, 41% in two, and 23% in three steps, and there were no spots in four steps. Of the green and red spots, 83% had clear bleaching steps, and 69% were bleached in one, 30% in two, and 1% in three steps (Table S4) .
The evaluation was performed as in the previous experiment. The fit yielded fractions of 12% for GFP-ASIC2a homomers (3g:0r), 11% for ttCherry-ASIC1a homomers (0g:3r), 37% for heteromers containing two GFP-ASIC2a and one ttCherryASIC1a (2g:1r), and 39% for heteromers containing one GFPASIC2a and two ttCherry-ASIC1a (1g:2r) (Fig. 5D) . The same data fitted with a binomial distribution model yielded 12% for 3g:0r homomers, 13% for 0g:3r homomers (0:3), 37% for 2g:1r heteromers, and 38% for 1g:2r heteromers (Fig. 5D ).
The significant overlap of green and red fluorescent spots supports the evidence obtained from electrophysiology that ASIC1a and ASIC2a form heteromeric channels in Xenopus oocytes. The fit with independent fractions of homo-and heteromers suggests that both ASIC1a/ASIC2a heteromeric assemblies with 2:1 and 1:2 compositions can form and coexist with the 3:0 and 0:3 homomers. Beyond that, the close match of the fit with independent fractions and the fit with a binomial relation between the homo-and heteromer fractions demonstrates that GFP-ASIC1a and ttCherry-ASIC2a subunits, as well as GFP-ASIC2a and ttCherry-ASIC1a subunits, mix randomly, without a preference to form either one of the homo-or heteromeric assemblies.
Discussion
This study has two major findings: First, we could confirm the trimeric structure of homomeric ASIC1a and ASIC2a in the plasma membrane of living cells; and second, we resolved for the first time, to our knowledge, the stoichiometry of a heteromeric ASIC, showing that it is flexible and that heterotrimeric ASIC1a/ASIC2a can contain either two ASIC1a or two ASIC2a subunits. Moreover, we provide compelling evidence that ASIC1a and ASIC2a assemble randomly into heteromers, so that heteromeric channels have no preferred composition.
The electrophysiological data clearly demonstrated the formation of ASIC1a/2a heteromers and their coexistence with either ASIC1a or ASIC2a homomers within the same cell (Fig.  1C) . The coexistence of homo-and heteromeric channels with distinct electrophysiological characteristics complicates a straightforward determination of the heteromer stoichiometry with population-based methods like whole-cell electrophysiology.
To overcome these problems, we complemented our studies with the single-molecule photobleaching approach (28) . This technique provides three main opportunities. First, the use of differentially fluorescent protein-tagged subunits unambiguously proves or disproves their interaction; second, the bleaching steps of GFP resolve the subunit content of a complex; and third, as a quantitative approach, it tracks also small subpopulations of channels, regardless of their functionality.
Coexpression of differentially fluorescent protein-tagged ASIC1a and ASIC2a yielded a significant red/green overlap, indicating the existence of heteromeric channels (Fig. S5) . Moreover, the combination of colocalization and GFP-bleaching step analysis unraveled a flexible 2:1/1:2 stoichiometry of the heteromers, and ASIC1a and ASIC2a appear to coassemble in a completely random fashion. The single-molecule approach clearly showed that both heteromers coexisted with both homomers (ASIC1a and ASIC2a) within the same cell.
The domains that govern ASIC subunit assembly are largely unknown. It has been shown for other ion channels, for example glutamate receptors, that assembly is governed by high-affinity interactions of specific domains on the individual subunits (31) . Therefore, ion channel stoichiometry should be independent of the expression system. We cannot rule out, however, that in a mammalian neuron, chaperones assist in ASIC assembly and bias the intrinsically random assembly of ASIC1a and ASIC2a to favor a particular subunit composition. Therefore, in the future, the existence of two different ASIC1a/2a heteromers has to be confirmed in neurons. The ASIC1a/2a heteromer is one of the major ASICs in the brain; the existence of ASIC1a/2a heteromers with two different compositions indicates that the variety of ASICs in the central nervous system might be greater than previously thought. For hippocampal neurons and dorsal horn neurons it has been specifically shown that heteromeric ASIC1a/ 2a channels coexist with homomeric ASIC1a in a large fraction of neurons (3) (4) (5) (6) 32) . The coexistence with homomeric ASIC2a was not documented because the most acidic pH tested was 5.0, which will not substantially activate homomeric ASIC2a due to its low H + affinity. Similar to our own results, one study found that functional properties of heteromeric ASIC1a/2a shift depending on the ratio of DNAs transfected into COS cells (32) . Based on the similarity of currents at a 2:1 ratio (ASIC1a/ASIC2a) with endogenous currents of spinal horn neurons, it was concluded that heteromeric ASICs in spinal horn neurons have a 2:1 (ASIC1a/ ASIC2a) stoichiometry. Another study found that functional properties of ASICs in cortical neurons continuously shift during development paralleling a continuously increasing ratio of ASIC2a/ ASIC1a mRNA (33) . These studies suggest that the ratio of ASIC1a/ASIC2a mRNA levels continuously shift the properties of native ASICs and that neurons of the central nervous system mainly use ASIC2a expression levels to fine-tune the properties of their ASICs. Because it has been proposed that ASIC2a facilitates localization of ASIC1a in dendritic spines (34) , the formation of heteromeric assemblies might have even more profound implications beyond the fine-tuning of functional properties.
Most heteromeric ion channels have a fixed stoichiometry (35) . Thus, it is possible that other heteromeric ASICs, like the ASIC1a/2b (7) or the ASIC3/2b (36, 37) heteromer, do not have a flexible but fixed stoichiometry. The elucidation of the stoichiometry of these ASICs is therefore another pressing question that needs to be addressed in the future.
Materials and Methods
Electrophysiology. Animal care and experiments followed approved institutional guidelines at the Universities of Aachen and Freiburg. cRNA from untagged, GFP-, or ttCherry-tagged ASIC1a and ASIC2a was generated by in vitro transcription and injected into Xenopus oocytes. Two to 4 d later, whole-cell currents were recorded by two-electrode voltage clamp with a fast perfusion system.
Single-Molecule Imaging. Oocytes expressing fluorescent protein-tagged ASIC constructs were devitellinized and imaged on an Olympus IX71 microscope in total internal reflection fluorescence (TIRF) mode (28) . Emission from single molecules was recorded with an EMCCD camera (Andor). Bleaching steps in the emission were counted manually.
For a complete description of the materials and methods used, see SI Materials and Methods.
